Respiration rates, adenine nucleotide levels and heat production were measured during exponential asynchronous growth of Tetrahymena pyriformis and in synchronous cultures prepared by continuous-flow selection. In synchronous cultures rates of oxygen uptake rose to maxima three times in each cell cycle. The ATP pool oscillated in phase with respiratory activity. The ADP and AMP pools oscillated in phase with each other, but out of phase with ATP, and the rate of heat production also showed fluctuations. Values calculated for adenylate energy charge were low, increasing from less than 0-2 to more than 0.4 during the mid-exponential phase of growth in an asynchronous culture, and oscillating over a range from 0.34 to 0.47 in a synchronous culture.
INTRODUCTION
Respiratory rates have been measured through the cell cycles of many eukaryotic micro-organisms (see Lloyd, 1974) , but satisfactory explanations have not often been presented for the complex patterns that have been reported. Parallel measurements of other parameters of energy metabolism are necessary for interpretation of the observed respiratory patterns.
Adenylate energy charge serves as an indicator of the state of energy metabolism (Atkinson & Walton, 1967) . In many prokaryotic micro-organisms the energy charge is strongly stabilized during growth (Dietzler et al., 1974; Swedes, Sedo & Atkinson, 1975; Niven, Collins & Knowles, 1977) . On the other hand, wide variations in values for adenylate energy charge have been observed in some eukaryotic systems at different stages during the cell cycle (Edwards, Statham & Lloyd, 1975) , during the growth of batch cultures (Edwards & Lloyd, 1977) and on carbon starvation (Ball & Atkinson, 1975; Lloyd et al., 1978) .
Measurements of nucleoside phosphates carried out on heat-shock synchronized Tetrahymena pyriformis suggest that there are cyclic variations in nucleotide concentration after heat treatment (Stocco & Zimmerman, 1975; De Balros, De Castro & De Castro, 1973) . However, since nucleoside triphosphates are extremely sensitive to heat treatment (Scherbaum et al., 1962) , measurements on synchronous cultures produced by a selection method Phillips & Lloyd, 1978) should help to elucidate the patterns of synthesis in a relatively undisturbed cell cycle. In the present investigation, changes in adenylate nucleotides have been studied alongside changes in respiration and heat production.
Maintenance and growth of the organism. Tetrahymena pyriformis strain ST (obtained from Dr Y . Suyama, Department of Biology, University of Pennsylvania, Philadelphia, U.S.A.) was maintained and grown as described previously (Lloyd et al., 1971) .
Preparation of synchronous cultures. Synchronous cultures were prepared by continuous-flow size selection . The rotor speeds and flow rates used to obtain 10 % of the original population in the effluent are given in the figure legends. Assessment ofsynchrony. The degree of synchrony was assessed by the synchrony index ( F ) of Blumenthal & Zahler (1962) , calculated from the equation:
in which F has a maximum value of 1.0 in a culture exhibiting perfect synchrony, Nis the number of organisms at time t, No is the number of organisms at zero time, and g is the mean generation time. In the figures, Fl and F2 represent the indices of the first and second doublings respectively.
halytical methods. Oxygen uptake rates were measured polarographically using a Beckman oxygen electrode in a closed reaction vessel (1.1 ml total volume). All measurements were made with cells in culture medium at 29 "C.
Heat evolution was measured using a heat conduction flow microcalorimeter (LKB 10700-1) as described by Poole, Lloyd & Kemp (1973) , except that the flow rate for the culture medium and air into the reaction vessel was 54 ml h-l.
Measurement of adenine nucleotides was as described by Edwards et al. (1975) using luciferase assays on extracts prepared from 1.0 ml culture samples by chloroform extraction. Samples were rapidly and directly released into tubes containing chloroform, and rapid mixing using a ' Whirlimixer ' ensured that quenching occurred in about 0.2 s. Identical results were obtained using the butanol method of extraction 
The lower limit of sensitivity of the ATP assay was 0.1 pmol in a total volume of 0.21 ml. Coefficients of variation ( V ) calculated from five determinations of adenine nucleotides were ATP 5 %, ADP 6 %, AMP 7 %, and the corresponding coefficient for adenylate charge was 3 %, where Y = (standard deviation/mean) x 100 %. Figure 1 shows the changes in oxygen uptake rates and adenine nucleotide pools during mid-exponential phase growth of an asynchronous culture. The ATP pool ( Fig. 1 b) increased continuously, ADP concentration remained at about 0.2 nmol per ml culture, while AMP and total adenylates decreased. Thus values for adenylate energy charge ( Fig. 1 c) were low, but increased from less than 0.2 to greater than 0.4 during the experiment. The respiration rate ( Fig. 1 d ) increased continuously, doubling every 2.5 h. Figure 2 shows the patterns of increases in respiration rate, adenine nucleotides and adenylate energy charge during the growth of a synchronous culture; the results were similar in five separate experiments. Maxima in respiration rates (Fig. 2b) (Fig. 1 ) which suggests that they are cell cycle-related. Oscillations in the pool sizes of ATP (Fig. 2c) , ADP (Fig. 2 d ) and AMP (Fig. 2e) accompanied the oscillations in respiratory rates (Fig. 2b) Oscillations of energy metabolism in T. pyriformis 
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Changes in respiration and adenine nucleotide pools during asynchronous growth
Changes in respiration and adenine nucleotide pools in synchronous cultures
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Heut evolittion in asynchronours and synchronous cultures
The rate of heat production increased continuously through the exponential phase of growth in an asynchronous culture (Fig. 4) . The rate of increase declined when the population reached 0.9 x lo5 organisms ml-l and then remained low until the count reached 2 x lo5. At this population a transition to a slower rate of growth occurred (Phillips & Lloyd, 1978 ;  Fig. 4 b) and rates of heat evolution increased rapidly. As the culture approached the stationary phase of growth, heat evolution levelled off and exhibited chaos before entering a phase of decline. In the rapid (mid-exponential) phase of growth the respiration rate increased with cell density (Fig. 4a) ; at a population density of 8.1 x lo4 organisms ml-1, the heat production was 1620pJ per nmol oxygen consumed and the rate of heat production per lo4 organisms was 33.3 pJ s-l.
In contrast, the time course of the rate of heat evolution in a synchronous culture (Fig. 5c) showed oscillations. In the second cell cycle, the maxima occurred about 15 min in advance of the maxima of oxygen uptake rate (Fig. 5b) . The amplitude of the calorimetrically measured oscillations was only 5 to 10 % of the total rate of heat production at any time.
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The oscillatory pattern of respiratory activity observed in synchronous cultures of T. pyrformis prepared by continuous-flow size selection contrasts with the exponential increase followed by terminal plateau found in heat-shock synchronized organisms (Zeuthen & Scherbaum, 1954) , or the exponential increase reported from measurements on single cells (Lavlie, 1963) . Respiratory oscillations have previously been described during synchronous growth of the fission yeast Schizosaccharomyces pombe (Poole et al., 1973) and in the trypanosome Crithidia fasciculata . The low values for adenylate charge calculated for botb asynchronous and synchronous cultures growing at maximum rates under optimum conditions is remarkable and contrasts with the situation found in many other eukaryotes (Knowles, 1977; Chapman & Atkinson, 1977) . However, Edwards & Lloyd (1977) have shown that Acanthamoeba castellanii can also grow at maximum rates when the adenylate energy charge value is extremely low (less than 0.1). It is evident that the value of adenylate charge in highly compartmented eukaryotes represents a spatially averaged value, and further work is necessary to determine the distribution of adenine nucleotides between the various intracellular compartments, particularly their partitioning between intra-and extra-mitochondria1 spaces. The decreased ATP pool previously noted at division of heat-shock synchronized T. pyriforrnis (Plesner, 1964; Stocco & Zimmerman, 1975) was not observed in synchronous Oscillations of energy metabolism in T. pyriformis 25 cultures prepared by continuous-flow size selection. However it has been shown that the nucleotide pool is affected by the heat treatment itself (De Balros et al., 1973) ; therefore comparisons between the two synchrony systems are not valid.
A summary of the mean values of timings of maxima of respiration and adenine nucleotides (Fig. 6 ) reveals that respiration rates oscillated in phase with ATP. This was also observed with C . fasciculata . ADP and AMP pools oscillated in phase with each other, while no clear phase relationship was found between adenylate charge and any other parameter. These results indicate that the observed changes in adenylate pools cannot be explained in terms of mitochondrial respiratory control [i.e. the limitation of respiration rates by ADP (Chance & Williams, 1956; Lloyd, 1974) ] and further investigation is required to determine the control mechanisms involved in the generation of these slow, cell cycle-dependent oscillations.
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